The recombination reactions HOϩNOϩM⇒HONOϩM͑1͒ and HOϩNO 2 ϩM⇒HNO 3 ϩM͑2͒ have been investigated over an extended pressure ͑1-1000 bar͒ and temperature ͑250-400 K͒ range. HO radicals were generated by laser flash photolysis of suitable precursors and their decays were monitored by saturated laser-induced fluorescence ͑SLIF͒ under pseudo-first-order conditions. The measured rate constants were analyzed by constructing falloff curves which provide the high pressure limiting rate constants k ϱ . In the given temperature range, these rate constants are k 1,ϱ ϭ(3.3Ϯ0.5)ϫ10 and k 2,ϱ ϭ(7.5Ϯ2.2)ϫ10
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I. INTRODUCTION
Rate constants of thermal dissociation and the reverse recombination reactions in the high pressure limit are directly related to the potential between the dissociation fragments. On the basis of the potential, the rate constants at higher temperatures can be established accurately by classical trajectory ͑CT͒ calculations or, under the conditions of adiabatic dynamics, equivalently by the statistical adiabatic channel model ͑SACM͒. The agreement ͑better than 0.2%͒ between CT and SACM in the classical range has been demonstrated recently for a series of model potentials such as ion-dipole, ion-quadrupole, dipole-dipole, and standard valence potentials. [1] [2] [3] [4] Canonical variational transition state theory ͑CVTST͒ was shown 5 to perform much less satisfactorily.
Having in hand a reliable method to relate potential energy surfaces and high pressure recombination/dissociation rate constants, one is looking for suitable test systems where experiments and theory can be compared in a rigorous way. On the one hand, this requires measurements reading up to pressures where k rec,ϱ can be obtained reliably by extrapolation. On the other hand, ab initio calculations of the potential energy surface have to be performed in a range of intermediate interparticle distances, which has been considered only in rare cases. It is of great importance to compare rate calculations based on such realistic potentials. 4 A first comparison of this type was given for the NOϩO⇔NO 2 system. 6, 7 Continuing this search for suitable test reactions, in part I of this series 8 we followed the addition of HO radicals to HO, NO, and NO 2 up to the high pressure limit at 298 K. In part III, 9 measurements for the recombination HOϩHO→H 2 O 2 were extended over a temperature range 200-400 K. In the present work, we measured the rate of the reaction,
HOϩNO͑ϩM͒→HONO͑ϩM͒, ͑1͒
from 250 to 400 K; for the reaction HOϩNO 2 ͑ϩM͒→HONO 2 ͑ϩM͒, ͑2͒
temperatures between 268 and 400 K were applied while the pressure of the bath gas was increased up to 1400 bar. The wide pressure range of the present studies allowed the extrapolation of the falloff curves toward the high pressure limit with much better reliability than before. Likewise, the temperature coefficient of the high pressure limiting rate constant now could be established. The present high pressure, recombination rate constants in a subsequent article 10 will be compared by SACM/CT calculations applied to ab initio potentials. The results then will also be compared with calculations using simpler dipole-dipole or standard valence potentials. We emphasize that fine details of the potential in reality do matter such that these treatments go far beyond the CVTST calculations with simplified potentials from Ref. 11 ͑for HOϩNO⇔HONO͒.
Besides the described interest for testing unimolecular rate theory, reactions ͑1͒ and ͑2͒ are known to be important radical sinks in the atmosphere. Under low and medium pressure conditions, their rate coefficients have been measured extensively ͑see the recent evaluation in Ref. 12͒ . The present work helps to establish a full set of falloff curves which extends to conditions which have not yet been realized in the laboratory. Furthermore, for reaction ͑2͒ there is a problem with the measurements between 0.1 and 1 bar which suggest a much lower high pressure limit of the rate coefficients than observed in Ref. 8 . We investigated whether this problem persists also at temperatures other than 298 K. We also discuss whether this problem is an experimental artifact or whether one can imagine a ''kink'' in the falloff curve.
II. EXPERIMENTAL TECHNIQUE
The general experimental setup and the details of the saturated laser-induced fluorescence technique ͑SLIF͒, which in our work was used for HO detection, have been described before. 8, 9, 13 Only specific details of the experiments of the present work are mentioned in the following.
Three different methods for the generation of HO radicals by laser flash photolysis were used in our experiments. In measurements of reaction ͑2͒, nitric acid was photolyzed using an excimer laser at 248 nm ͑Lambda Physik EMG 200, KrF, 400 mJ, 20 ns͒ with a quantum yield of unity and an absorption cross section of 3 ϭ2ϫ10 Ϫ20 cm 2 molecule Ϫ1 at 298 K ͑Ref. 12͒ for
The high pressure mixture contained 1-2 mbar of HNO 3 and 0.5-2 mbar of NO 2 . Therefore, the amount of NO 2 produced by photolysis as well as the reaction ͑Ref. 12͔͒ also could be neglected at 250 K. The high pressure mixtures were prepared in a 40 l stainless steel vessel for purified gases ͑Messer Griesheim͒ or in a homemade 8 l aluminum cylinder ( pϽ50 bar). In order to avoid accumulation of reaction products in the reaction cell, especially at low temperatures, the high pressure mixtures had to be exchanged continuously. At pressures below 8 bar, the high pressure mixture was flowing directly through the high pressure cell. The flow was controlled by needle valves ͑Hoke͒ and mass flow gauges ͑Tylan FC 260͒. Solenoid valves ͑Nova Swiss͒ at higher pressures were used to exchange the high pressure mixture in the cell after 15 laser shots ͑or more frequently͒. For the experiments at high pressures ͑200 bar and more͒, mixtures of HNO 3 , NO 2 , and helium or argon were introduced into the cell. These mixtures then were further pressurized with the bath gas using an oilfree diaphragm compressor ͑Nova Swiss͒. The total number of laser shots, which were taken to obtain one ͓HO͔-time profile, was in this case reduced to an extent that the kinetics was not influenced by the accumulation of products or the loss of precursor molecules.
Two different types of high pressure cells were used. Experiments at pressures below 200 bar of helium ͑or argon͒ were performed with the ''low temperature cell'' described in Refs. 9 and 13. For experiments at pressures above 200 bar, we used the ''high temperature cell''. 9, 13 The two windows (12ϫ10 mm) for the pump and probe laser pulses, facing each other, as well as the detection window (8 ϫ10 mm) perpendicular to the laser axis were made from ultraviolet ͑UV͒ high quality sapphire ͑Steeg und Reuter͒. The cell was connected to a refill system containing high pressure valves ͑Nova Swiss͒ and stainless steel high pressure tubing ͑Nova Swiss, internal diameter 1.6, external diameter 6.35 mm͒.
The method of saturated laser-induced fluorescence ͑SLIF͒, such as described in Ref. 8 3 and H 2 SO 4 ͑both supra pure grade͒ and collected at 77 K. The middle fraction was used after the purity had been checked by UVabsorption spectroscopy ͑Cary 5E͒.
III. EXPERIMENTAL RESULTS

A. Pressure and temperature dependence of the reaction HO؉NO"؉He…˜HONO"؉He…
Reaction ͑1͒ was investigated under pseudo-first-order conditions with an initial ratio ͓HO͔ 0 /͓NO͔ 0 of less than 2ϫ10
Ϫ2 . The falloff curve of the reaction was studied between 5 and 150 bar at 400 K and between 10 and 105 bar at 250 K. Our experiments near room temperature have been described previously. 8 At 400 K, monoexponential time profiles of the HO concentration were observed and expressed by the first-order rate law, Table I . We represent the pressure dependence of k 1 using the formalism described in Refs. 17-19, i.e., writing .
͑21͒
The change of k 1,ϱ with temperature is too small to be established with certainty.
B. Pressure and temperature dependence of the reaction HO؉NO 2 "؉M…˜HONO 2 "؉M…
Reaction ͑2͒ was investigated under pseudo-first-order conditions with an initial ratio of ͓HO͔ 0 /͓NO 2 ͔ 0 less than 10 Ϫ2 . With the bath gas helium, temperatures between 268 and 400 K and pressures up to 1400 bar were employed; experiments with the bath gas argon were performed at 300 and 400 K, and at pressures up to 400 bar. Under all conditions, HO radicals were produced by photolysis of HNO 3 such as described in the previous section. Monoexponential HO profiles were observed, see Fig. 2 The experimental values of k 2 are given in Table II for MϭHe and in Table III for MϭAr. Below 300 bar, the total gas density ͓ M ͔ was calculated by the perfect gas law. At higher pressures, real gas effects were taken into account. 26, 27 The falloff curve of reaction ͑2͒ at 300 K was discussed in Ref. 8 . The falloff curve seems to be broader than that for reaction ͑1͒ such that the extrapolation to the high pressure limit remained somewhat uncertain. Therefore, an extension to even higher densities than employed in Ref. 8 appeared desirable for a reliable extrapolation. Also an 'irregularity' in the falloff curve between 0.1 and 1 bar had to be reinspected. In order to investigate the bath gas dependence of the falloff curve, measurements with argon were also performed. It is well established that argon forms van der Waals complexes with HO radicals. [28] [29] [30] [31] This might influence the pressure dependence of the falloff curve, if the energy transfer mechanism is overrun by the radical-complex mechanism, such as found for the recombination reaction ClϩO 2 →ClOO.
32 Control of the reaction by diffusion can be neglected under our experimental conditions. 33 The previous experiments led to a limiting low pressure rate constant k 2,0 of Refs. 8, 12 and 34
The temperature dependence of k 2,0 for MϭAr has not been investigated experimentally but it should be similar to that of helium. Broadening factors F 2,cent were derived from theory to be 0.45 ͑268 K͒, 0.41 ͑300 K͒, and 0.33 ͑400 K͒. 12 Choosing a temperature independent high pressure limiting rate constant of 7.5ϫ10 Ϫ11 cm 3 molecules Ϫ1 s
Ϫ1
, the experimental data are well reproduced by Eqs. ͑17͒, ͑18͒, ͑22͒, and ͑23͒, and the calculated F 2,cent . Together with low pressure data from the literature, 8, [20] [21] [22] [34] [35] [36] [37] [38] [39] [40] [41] our data for MϭHe are plotted in Figs. 5, 6 , and 7 at 268, 300, and 400 K, respectively. The high pressure measurements from this work confirm the earlier extrapolation to the high pressure limit. 8 The experiments at 400 and 268 K indicate that the high pressure limiting rate constant within an accuracy of Ϯ20% is indeed temperature independent. Because of the lack of low pressure experiments at 400 K, the data obtained in argon at 300 and 400 K are plotted together in one falloff representation ͑see Fig. 8͒ . More efficient quenching of HO ( 2 ⌺) by argon reduces the fluorescence signal at higher pressures. The errors of the experimental rate constants are estimated to be 25% at pressures higher than 80 bar. Nevertheless, the results are in good agreement with the helium falloff data. Again, the high pressure limiting rate constant is extrapolated to be k 2,ϱ ϭ7.5ϫ10
Ϫ11 cm 3 molecule Ϫ1 s Ϫ1 ͑uncertainty of 30%͒. The values of the experimental rate constants at 400 are slightly lower than for 300 K, because the limiting low pressure rate constant has a negative temperature coefficient.
The new experiments have not brought an unambiguous answer to the question of whether the ''irregularity'' of the falloff curve of reaction with MϭHe between 0.1 and 1 bar ͑see Fig. 6͒ is real or an artifact. It seems that the ''effect'' is much less pronounced at 268 and 400 than at 300 K; also it is smaller for MϭAr. Before attributing this to experimental errors, however, one should keep in mind that quite anomalous ''falloff'' curves were observed in the recombination OϩO 2 ͑ϩM͒→O 3 ͑ϩM͒ 42 which changed their appearance over comparably small temperature intervals. Besides the competition of energy-transfer and radical-complex mechanisms ͑and other effects͒ probably responsible for the O 3 anomalies, in the HNO 3 system one may also still think of complications due to ''isomer'' formations, although their contribution at other occasions has been ruled out.
12
IV. CONCLUSIONS
The results described in Sec. III provide limiting low and high pressure rate constants as well as broadening factors of the falloff curves which, together with Eqs. ͑17͒ and ͑18͒, reproduce experimental rate constants over wide ranges of temperature. The relevant values are summarized in Tables  IV and V . We have to emphasize that we have not been able to prove or to disprove the mentioned irregularity of the rate coefficient k 2 between 0.1 and 1 bar at temperatures near 300 K. The data in Table V ''override'' this problem ͑see Fig. 6͒ . Tables IV and V are recommended for modeling the pressure dependence of reactions ͑1͒ and ͑2͒, see also Ref. 12 . We leave the theoretical analysis of k 1,ϱ and k 2,ϱ , such as described in the Introduction, to a later publication. 10 At this stage we only comment on the weak ͑if not negligible͒ temperature dependence of k rec,ϱ . Part of the temperature dependence may come from electronic partition functions of HO ͑ 2 ⌸ 3/2 and 2 ⌸ 1/2 ͒ and NO ͑ 2 ⌸ 1/2 and 2 ⌸ 3/2 ͒. Under the assumption that only the lowest fine structure components of HO, i.e., 2 ⌸ 3/2 , and of NO, i.e., 2 ⌸ 1/2 , lead to complex formation, the high pressure rate constant k rec,ϱ contains the product of the inverse electronic partition functions of the recombining radicals. The energy splitting of 139.7 cm Ϫ1 between the fine structure components for HO 43 and of 121.1 cm Ϫ1 for NO, 43 respectively, determines the temperature dependence of the electronic partition function. Within the temperature range between 250 and 400 K, a temperature coefficient of T Ϫ0. 44 is obtained for ͓Q el (HO) ϫQ el (NO)͔ Ϫ1 compared to the somewhat lower temperature coefficient of T Ϫ0.3 for k 1,ϱ . For reaction ͑2͒, the situation is very similar and the temperature coefficient of T Ϫ0. 21 for ͓Q el (OH)ϫQ el (NO) 2 ͔ Ϫ1 may be hidden behind the temperature independent rate constant k 2,ϱ . Before deciding whether there is this contribution, 7, 44 ab initio calculations of excited state potentials have to be available, which show whether excited HO and/or NO without barriers lead to excited HONO or HNO 3 . Independent of the corresponding possible weak temperature dependence, our measurements do not show signs of any marked temperature dependence of k rec,ϱ in contrast to that of k rec,0 . This is in agreement with the corresponding observations of the OϩNO system treated in detail before. 7 A more detailed analysis of this feature awaits the treatment in Ref. 10 .
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